To better understand the compositional and structural dynamics of the human spliceosome during its activation, we set out to isolate spliceosomal complexes formed after precatalytic B but prior to catalytically active C complexes. By shortening the polypyrimidine tract of the PM5 pre-mRNA, which lacks a 39 splice site and 39 exon, we stalled spliceosome assembly at the activation stage. We subsequently affinity purified human B act complexes under the same conditions previously used to isolate B and C complexes, and analyzed their protein composition by mass spectrometry. A comparison of the protein composition of these complexes allowed a fine dissection of compositional changes during the B to B act and B act to C transitions, and comparisons with the Saccharomyces cerevisiae B act complex revealed that the compositional dynamics of the spliceosome during activation are largely conserved between lower and higher eukaryotes. Human SF3b155 and CDC5L were shown to be phosphorylated specifically during the B to B act and B act to C transition, respectively, suggesting these modifications function at these stages of splicing. The two-dimensional structure of the human B act complex was determined by electron microscopy, and a comparison with the B complex revealed that the morphology of the human spliceosome changes significantly during its activation. The overall architecture of the human and S. cerevisiae B act complex is similar, suggesting that many of the higher order interactions among spliceosomal components, as well as their dynamics, are also largely conserved.
INTRODUCTION
Nuclear pre-mRNA splicing is catalyzed by the spliceosome, a multimegadalton ribonucleoprotein (RNP) machine (for review, see Wahl et al. 2009 ). The spliceosome assembles stepwise by the temporally ordered interaction of the U1, U2, and U4/U6.U5 snRNPs with the pre-mRNA. Assembly intermediates of the human spliceosome that have been observed include the E, A, B, B act , B*, and C complexes (observed in the stated temporal order). In the E complex the U1 snRNP is recruited to the 59 splice site (ss) of the premRNA, U2AF binds the pre-mRNA's polypyrimidine tract (which is located just upstream of the 39ss), and SF1 binds the branch point sequence (BPS). In the subsequently formed A complex, the U2 snRNP stably associates with the BPS. After A complex formation, the U4/U6 and U5 snRNPs are recruited as a preassembled U4/U6.U5 tri-snRNP, forming the spliceosomal B complex. Although all snRNPs are present in the B complex, it is still catalytically inactive and requires major conformational and compositional rearrangements (i.e., activation) in order to become competent to facilitate the first transesterification step of splicing. During spliceosome activation U1 and U4 are destabilized or released, giving rise to the activated spliceosome (i.e., the B act complex). Subsequently, after a structural rearrangement is catalyzed by the DExH/D-box protein Prp2, the catalytically activated spliceosome (B* complex) is formed. The latter is then converted into the C complex, in which the first of the two catalytic steps of splicing has occurred. During the first step, the branch point adenosine of the intron carries out a nucleophilic attack on the 59ss, resulting in cleavage of the pre-mRNA at this site and the concomitant ligation of the 59 end of the intron to the branch point adenosine, generating a lariat-like structure. After the second step, in which the exons are ligated and the spliced intron is released, the spliceosome dissociates and the snRNPs are recycled for additional rounds of splicing.
During spliceosome assembly a dynamic network of RNA-RNA interactions involving the snRNAs and premRNA is formed (for review, see Nilsen 1998; Staley and Guthrie 1998) . This network plays a central role in juxapositioning the reactive groups of the pre-mRNA for catalysis. Initially, U1 and U2 snRNA base pair with the 59ss and BPS, respectively. Within the tri-snRNP, U4 and U6 are extensively base paired. Upon addition of the tri-snRNP to the spliceosome, the U5 snRNA intially contacts nucleotides of the 59 exon near the 59ss, and later also the 39 exon. Prior to the first step of splicing, the U4/U6 base pairing interaction is disrupted, and the U6 snRNA forms base pairs with intron nucleotides at the 59ss, displacing U1 in the process. U6 also forms short duplexes with U2, and an intramolecular U6 stem-loop (U6-ISL) is formed, which is involved in metal ion binding. The RNA structures formed by U2 and U6 snRNA are thought to directly contribute to the catalysis of the splicing reaction. Additional rearrangements also occur prior to the second step of splicing (for review, see Smith et al. 2008 ), but they are currently not well understood.
The spliceosome possesses a very complex protein composition, and spliceosomal proteins play key roles throughout the splicing process (Jurica and Moore 2003; Wahl et al. 2009 ). Mass spectrometry (MS) analyses of affinity purified, human spliceosomes isolated under physiological conditions revealed that over the course of splicing z170 proteins associate with the human spliceosome, with individual assembly intermediates (e.g., A, B, and C complexes) containing z120 proteins or less (in the case of the A complex) (Deckert et al. 2006; Behzadnia et al. 2007; Bessonov et al. 2008) . MS analyses of Saccharomyces cerevisiae spliceosomes revealed that they are not as complex compared with those of higher eukaryotes, with z90 associated proteins ). This lower complexity appears to reflect the near absence of regulated/alternative splicing in yeast, as many of the spliceosomal proteins found solely in metazoan spliceosomes are involved in alternative/regulated splicing events. Despite the aforementioned differences between yeast and human spliceosomes, homologs of nearly all proteins present in the yeast spliceosome are also found in human spliceosomes ), indicating that the core splicing machinery is evolutionarily conserved.
A comparison of the composition of A, B, and C spliceosomal complexes revealed that there is a dramatic exchange of proteins during spliceosome assembly/catalytic activation in both humans and Drosophila melanogaster (Deckert et al. 2006; Bessonov et al. 2008; Herold et al. 2009 ). During the transitions from the A to B and B to C complex a large number of proteins are recruited, and at the same time numerous spliceosomal proteins are released or destabilized (for review, see Wahl et al. 2009 ). These compositional dynamics are also for the most part conserved in S. cerevisiae, where the changes in protein composition accompanying the B to B act and B act to C complex transitions were recently elucidated ).
Activation of the spliceosome is a decisive step that involves major structural changes. The destabilization/dissociation of both U1 and U4 snRNA is a hallmark of the activation process. Proteins of the DExH/D-box family of RNA/RNP unwindases are the main driving forces that mediate RNA rearrangements at this step. For example, Prp28/U5-100K catalyzes the exchange of U6 for U1 at the 59ss (Staley and Guthrie 1999; Chen et al. 2001) , whereas Brr2/U5-200K, together with the GTPase Snu114, facilitates U4/U6 unwinding (Laggerbauer et al. 1998; Raghunathan and Guthrie 1998; Bartels et al. 2002; Brenner and Guthrie 2005; Small et al. 2006) . The Prp19 protein, in the form of a heteromeric protein complex (the nineteen complex or NTC in yeast and the Prp19/CDC5L complex in humans) plays an essential role in spliceosome activation (Chan et al. 2003; Makarova et al. 2004 ). The NTC complex acts subsequent to U4 dissociation, stabilizing the association of U5 and U6 with the activated spliceosome (Chan et al. 2003) and specifying the proper interaction of U5 and U6 with the pre-mRNA substrate prior to step 1 (Chan and Cheng 2005) .
While spliceosome activation is well characterized at the RNA level, changes in the spliceosome's protein composition and morphology, as well as RNP remodeling events accompanying activation, are not completely understood. All U1-and U4/U6-associated proteins are destabilized or released from the human spliceosome during the B to C complex transition, together with a number of other spliceosomal proteins (Bessonov et al. 2008) . Whether these proteins are destabilized/released concomitantly or in discrete steps, in particular during the B to B act or B act to C complex transition, is presently not entirely clear in higher eukaryotes, as activated human spliceosomes have to date not been isolated under physiological conditions. In previous studies, human spliceosomes that had undergone activation were isolated under stringent conditions in the presence of heparin, and thus only those proteins stably associated with the spliceosome at this stage could be identified (Makarov et al. 2002) . Comparisons with B and C complexes isolated under stringent conditions were hampered by the use of different pre-mRNA substrates and the fact that different methods were used to purify each of these complexes (Jurica et al. 2002; Makarov et al. 2002; Makarova et al. 2004) . Nonetheless, these studies indicate that U1-and U4-associated proteins are destabilized upon activation, and proteins of the Prp19/CDC5L complex, and those operationally defined as Prp19-related, appear to stably interact with the spliceosome first at the time of its activation (Makarova et al. 2004) . As the U6 snRNA has been ''stripped'' of all of its precatalytic binding partners during spliceosome activation, it must be remodeled and engage in interactions with new protein binding partners (Wahl et al. 2009 ). In humans there is evidence that the U5 snRNP is also remodeled during activation; z15 proteins, including those comprising the human Prp19/CDC5 complex, associate stably with U5 at this stage, yielding a remodeled 35S form of the U5 snRNP (Makarov et al. 2002) . The yeast helicase Prp2 and its binding partner Spp2 both play a crucial role in spliceosome activation (Roy et al. 1995; Kim and Lin 1996; Silverman et al. 2004) , with Prp2 activity promoting a poorly understood remodeling event that converts B act into the catalytically active B* complex (Kim and Lin 1996; Warkocki et al. 2009 ).
To learn more about the compositional and structural dynamics of the human spliceosome during the B to B act and B act to C complex transitions, here we have affinity-purified human B act complexes under physiological conditions identical to those used previously to isolate human B and C complexes, and determined their protein composition via mass spectrometry. Morphological changes occurring during spliceosome activation were also elucidated by performing electron microscopy of purified B act complexes and comparing their 2D EM structure with that of human B complexes. A comparison of the composition and morphology of human and yeast B act complexes revealed that the compositional and structural dynamics accompanying spliceosome activation are largely conserved between yeast amd metazoans. These studies provide new insights into the recruitment and release of proteins during the activation of the human spliceosome and the accompanying changes in its structure at this stage.
RESULTS
PM5 pre-mRNA with a truncated polypyrimidine tract supports spliceosome formation but not step I catalysis
To gain a better understanding of the spliceosome activation process, we set out to purify spliceosomal complexes stalled after activation, but prior to the first catalytic step of splicing, under conditions used previously for the isolation of human B and C complexes (Bessonov et al. 2008) . In yeast, truncation of an actin pre-mRNA substrate to within a few nucleotides of the branch site stalls spliceosome assembly at the B act stage (Cheng 1994; Fabrizio et al. 2009 ). We thus first tested whether shortening the polypyrimidine tract of the PM5 pre-mRNA substrate, which was used to purify human B and C complexes (Bessonov et al. 2008) , would also stall human spliceosomes at the B act complex stage. The PM5 premRNA contains a 59 exon, an intron with a branch site and a 60-nucleotide (nt) long polypyrimidine tract, but no terminal AG dinucleotide and no 39 exon (Fig. 1A) . Due to the absence of the 39ss and 39 exon, the second step of splicing does not occur with the PM5 substrate. For affinity purification, three RNA aptamers that bind the MS2 coat protein were added to the 59 end of the PM5 substrate. We sequentially shortened the polypyrimidine tract of the PM5 pre-mRNA and assayed whether splicing in HeLa nuclear extracts was affected. Shortening the polypyrimdine tract from 60 to 30 or 28 nt did not affect the efficiency of the first step of splicing, as splicing intermediates were formed with nearly equal efficiency after 15 and 60 min in each case (Fig. 1B, lanes 13-21) . However, truncation to 26 nt or less severely inhibited step 1 (Fig. 1B, lanes 1-12; Fig. 1D ). Splicing was completely abolished, even after longer incubation times (90 min), when the PPT was shortened to 20 (designated PM5-20) or 10 nt (PM5-10) (Fig. 1D) . Native gel analysis of splicing complex formation demonstrated that A and B complexes form rapidly on the PM5 substrate ( Fig.  1C ,E), whereas C complexes are observed first after 15 min, concomitant with the appearance of the splicing intermediates. The PM5 spliceosomal complexes first observed after 15 min that migrate above the B complex run as a diffuse band, suggesting this might be a mixture of B act complexes and C. Strikingly, upon shortening the PPT to 26 nucleotides (or less), a single discrete band that migrates slower than the C complex is observed (Fig. 1C) . As it appears concomittant with the reduction/loss of step I of splicing, it likely represents the B act complex. This complex was also detected with the PM5-20 and PM5-10 pre-mRNAs, where after 90 min predominantly it (and essentially no A/B complexes) plus low levels of E/H complexes were observed. Formation of this complex, together with that of A and B complexes, was abolished if the PM5 PPT was completely deleted (Fig. 1E) . Taken together, these data indicate that human spliceosomal complexes likely representing activated B complexes can be assembled in vitro using a pre-mRNA substrate where the PPT is shortened to z20 nt.
Affinity purification of the human-activated B complex
To isolate these putative B act complexes, MS2-affinity purifications were performed. For this purpose, 32 P-labeled PM5-20 and PM5-10 pre-mRNA were preincubated with MS2-MBP fusion protein and splicing complexes were then allowed to form by incubating in HeLa nuclear extract under splicing conditions for 2.5 h. Pre-mRNA not incorporated in B act complexes was digested by DNA oligonucleotide-directed RNase H digestion using an oligonucleotide directed against the 39 end of the 59 exon; this region is protected in B act complexes, but not in A and B complexes (data not shown). Splicing reactions were then subjected to glycerol gradient centrifugation to separate the B act complexes from excess of MS2-MBP protein, RNase H digestion fragments, and other smaller spliceosomal complexes. Two peaks containing the 32 P-labeled PM5-20 or PM5-10 (not shown) premRNA were observed, a minor one peaking in fraction 13 and a major one in fraction 19, with S values of z32 and z45, respectively ( Fig. 2A, and data not shown) . The former contains the products of RNase H digestion, and the latter the B act complex. Complexes in the 45S peak fractions were pooled and incubated with amylose agarose beads. After extensive washing, bound complexes were eluted with maltose and their RNA composition was analyzed by denaturing PAGE, followed by autoradiography and silver staining. As shown in Figure 2B , the affinity purified 45S spliceosomal complexes contained nearly equimolar amounts of unspliced PM5-10 or PM5-20 premRNA and U2, U5, and U6 snRNA (lanes 3 and 4), and only very small amounts of U1 and U4 snRNA, indicating that the vast majority have undergone activation. Importantly, no splicing intermediates were detected, even by autoradiography (lanes 1 and 2), indicating that no C complexes had been isolated. Taken together, these results indicate that human B act complexes of relatively high purity were isolated.
Protein composition of human B act complexes
To determine the composition of B act complexes formed on both the PM5-10 and PM5-20 pre-mRNA, proteins present in affinity-purified complexes were separated by SDS-PAGE and stained with Coomassie (Fig. 2C ). Proteins present in the B act complex were identified by liquid chromatography tandem mass spectrometry (LC-MS/MS), and the number of peptides sequenced for each protein identified is summarized in Table 1 . For comparison, proteins previously identified in affinity purified human B complexes formed on PM5 premRNA (plus the number of peptides sequenced) are also shown in Table 1 . In addition, we affinity-purified C complexes formed on the PM5 pre-mRNA as previously described (Bessonov et al. 2008) or on the MINX pre-mRNA containing an AG to GG mutation at the 39ss (denoted MINX GG ), which stalls spliceosomes at the C complex stage (data not shown; Golas et al. 2010 ) and performed LC-MS/MS in parallel with the purified B act complexes. Over 140 proteins, including both snRNP and non-snRNP proteins, were reproducibly identified in our purified B act complex preparations, with complexes formed on PM5-20 FIGURE 2. Affinity purification of human, spliceosomal B act complexes. (A) Glycerol gradient fractionation of splicing complexes formed on the PM5-20 construct. In vitro splicing, followed by RNAse H digestion, was performed as described in the Materials and Methods. Complexes were then separated on a linear 10%-30% glycerol gradient and the 32 P-RNA in each fraction was determined by Cherenkov counting. S-values were determined by comparison with a reference gradient containing prokaryotic ribosomal subunits. Gradient profiles for both PM5-10 (not shown) and PM5-20 complexes were identical. (B,C) Composition of affinity-purified complexes. Gradient fractions containing 45S complexes (fractions 17-21) were pooled and subjected to MS2 affinity selection. (B) RNA was recovered, separated by denaturing PAGE, and visualized by autoradiography (lanes 1 and 2) and by silver staining (lanes 3 and 4). The positions of the snRNAs and the PM5-20 and PM5-10 pre-mRNA are indicated on the right. Asterisk, RNase H degradation product. The other minor bands seen in lanes 1 and 2 do not correspond to splicing intermediates, but are likely degradation products. (C) Protein was recovered from the affinity purified B act complexes (lanes 1 and 2), analyzed by SDS-PAGE on an 8%/14% polyacrylamide step gel, and visualized by staining with Coomasie. The size of molecular weight markers (lane 3) is indicated on the right. Composition and structure of human B act complexes www.rnajournal.org 2393
Cold Table S1 . Proteins generally accepted to be common contaminants, such as tubulins and ribosomal and exosome proteins, are not shown. The presence of a protein is indicated by a number which represents the absolute number of peptides sequenced for that protein in a particular preparation. The presence of a protein in the S. cerevisiae B act complex ) is indicated by a dot. The absolute number of peptides sequenced previously for proteins identified by LC-MSMS in affinity-purified human B complexes formed on the PM5 pre-mRNA (Bessonov et al. 2008 ) is also shown. Proteins are grouped in organizational and/or functional subgroups. a TCERG1 (CA150), FBP11, and NRIP were previously found in the spliceosomal A complex and thus they are designated as ''recruited prior to B act .'' and PM5-10 exhibiting a nearly identical composition. Consistent with its snRNA composition, the human B act complex contains all U2 and U5 snRNP proteins, with the exception of Dib1/15K that appears to be lost upon activation of the spliceosome (i.e., it is present in B but not B act or C complexes). In addition, based on the number of peptides sequenced by MS as well as the results of immunoblotting (Fig.  3A) , U1 and U4/U6 snRNP proteins, including the Lsm proteins are lost or underrepresented (relative to the B complex) in B act complexes. Thus, in humans, the Lsm proteins are destabilized/lost during the B to B act complex transition. These data indicate that in the human spliceosome, the Lsm 2-8 proteins leave the spliceosome just prior to or during activation. Several other proteins are destabilized during the B to B act transition (i.e., more peptides of them were sequenced in B versus B act ), including RED, THRAP3, and Smu-1.
In contrast, a number of proteins are recruited or more stably associated with the spliceosome upon its activation. Nearly all hPrp19/CDC5L complex proteins, as well as an additional group operationally defined as hPrp19/CDC5L-related, plus hPrp17, KIAA1604, and SRm300, are more abundant in B act , based on the number of peptides sequenced (Table 1) , as well as the results of immunoblotting (Fig. 3A) . These proteins appear to be equally abundant in purified C complexes, indicating that they associate first during activation and remain stably associated at least through the first catalytic step of splicing. In contrast, whereas hPrp2, GPKOW, MGC20398, PPIL2, MGC23918, NY-CO-10, RNF113A, and FRG1, as well as two members of the RES complex (SNIP1 and MGC13125), are more abundant in B act versus B, they appear to be lost/destabilized during the B act to C transition. Thus, these proteins appear to be transiently associated with the spliceosome during its activation phase. In addition, a group of 12 proteins (designated in Table 1 as ''Detected in B act complex'') were specifically detected in our B act complexes, but appear to be present in very low amounts (see Discussion). The presence of the DExH/D-box protein hPrp2 in our purified B act complexes is consistent with the idea that they have not yet undergone catalytic activation, as Prp2 (at least in yeast) is known to dissociate from the spliceosome after catalyzing the remodeling step that yields a catalytically active B* complex (Kim and Lin 1996) .
Only very few peptides of known step II splicing factors, like hPrp22, hPrp16, and hSlu7, were detected in B act complexes and immunoblotting confirmed the near absence of hPrp22 in the latter (Fig. 3A) . Likewise, a number of proteins previously found to be associated with C but not with B complexes (Table 1 , abundant first in C complex) were absent or found only in low amounts in B act complexes (Table 1 ; Fig. 3A ). These include, among many others, the DExD/H-box helicases Abstrakt and DDX35, and the PPIases PPWD1, PPIL3b, and PPIG. Thus, these proteins are recruited and/or their interaction stabilized after spliceosome activation. Finally, a comparison of the number of SF3a and SF3b protein peptides sequenced in all three complexes indicates that SF3a/b proteins are specifically destabilized from the human spliceosome during the B act to C complex transition (Table 1) ; indeed, immunoblotting confirmed that only low levels of SF3b155 are found in purified C complexes (Fig. 3B) . Taken together, these results provide new insights into the recruitment and release of human proteins during the B to B act and B act to C complex transitions.
SF3b155 and CDC5L are phosphorylated prior to/during spliceosome activation and step I of splicing, respectively
The SF3b155 protein is phosphorylated concomitantly with or just prior to the first step of splicing (Wang et al. 1998 ). To test whether SF3b155 phosphorylation occurs already during B act formation or first at a later stage, we performed immunoblotting with proteins from affinity-purified B, B act , and C complexes. A major band that migrated slower than the SF3b155 band detected by anti-SF3b155 antibodies in B complexes, was observed in B act complexes (Fig. 3B) . Thus, SF3b155 is quantitatively phosphorylated first in B act FIGURE 3. Immunoblotting reveals the dynamics of spliceosomal protein association and post-translational modification of SF3b155 and CDC5L. (A) B and C complexes formed on PM5 pre-mRNA, and B act complexes formed on PM5-20 pre-mRNA, were affinity purified and their proteins analyzed by Western blotting with the antibodies indicated below or in (B) against SF3b155 or CDC5L. Antibodies against MS2-MBP and the U5-116k protein were used to ensure equal loading. (C) B act and C complexes were incubated in the absence (À) or presence (+) of calf intestine pyrophosphatase (CIP) directly (left two lanes) or after first incubating at 96°C to inactivate endogenous enzymatic activity (right two lanes). Immunoblotting was performed with anti-SF3b155 or anti-CDC5L antibodies, as indicated below.
Composition and structure of human B act complexes www.rnajournal.org 2395 complexes. Consistent with the lower number of peptides sequenced by MS for SF3b155 in C complexes, only very weak immunostaining was observed when C complexes were probed with anti-SF3b155 antibodies (Fig. 3B ). When C complex proteins were separated by SDS-PAGE and subsequently analyzed by MS, peptides specific to the CDC5L protein were unexpectedly detected in two separate regions of the gel. Consistent with this result, when immunoblotting was performed with anti-CDC5L antibodies, two bands were observed when C complexes (but not B or the B act ) were analyzed, one of the expected size (92 kDa) and one that migrated significantly slower (Fig. 3B) . As MS analyses did not provide any evidence for potential glycosylation, ubiquitinylation or SUMOylation of CDC5L, and CDC5L was previously reported to be phosphorylated in vivo (Bernstein and Coughlin 1997; Graub et al. 2008) , we tested whether this slowly migrating form of CDC5L is phosphorylated. For this purpose, we treated C complexes with calf intestine pyrophosphatase (CIP) prior to immunoblotting, and then probed with anti-CDC5L antibodies. After CIP treatment, the intensity of the upper band was clearly reduced, whereas the intensity of the lower band was enhanced, indicating that CDC5L is indeed phosphorylated (Fig. 3C) . To rule out that the dephosphorylation of a different C complex protein by CIP stimulates its enzymatic activity, which in turn leads to removal of the CDC5L modification (e.g., deglycosylation or deubiquitinylation), C complexes were incubated at 96°C prior to treating them with CIP, in order to suppress any endogeneous enzymatic activity of the C complex. As shown in the Figure 3C , incubation at 96°C followed by CIP treatment also led to a reduction in the intensity of the higher molecular weight band, strongly supporting the idea that CDC5L is phosphorylated during splicing. Similar results were observed for SF3b155 when B act complexes were treated with CIP and the SF3b155 protein subsequently analyzed by immunoblotting (Fig. 3C) . In sum, these data indicate that SF3b155 is phosphorylated concomittant with the activation of the human spliceosome, whereas CDC5L is phosphorylated during/just prior to the first catalytic step of splicing.
Electron microscopy of human B act complexes
To determine the morphology of the human B act complex, affinity-purified complexes assembled on the PM5-20 were subjected to GraFix glycerol gradient ultracentrifugation (Kastner et al. 2008) , negatively stained, and analyzed by electron microscopy. The overview images revealed a monodisperse population of particles with a maximum dimension of z44 nm (Fig. 4A ). Unbiased single-particle imageclustering revealed representative class averages (Fig. 4B) . Many of the classes look quite similar (left half of Fig. 4B ) indicating a preferential orientation of the B act complexes on the carbon film used to support the EM specimens. The characteristic shape of the dominant classes show a cap or hat like main body (oriented upward) and two lower protuberances. One lower protuberance appears to originate from the center of the main body while the other is seen at the right side in these dominant classes. The appearance of this protuberance varies significantly in shape and position in the various classes. The differences seen in the main body, which might arise from slight differences in the orientation of the particles on the carbon film, are less pronounced. Some classes show a nearly round upper outline (column 1) while in others it is more asymmetric (columns 2-5), sloping left and right at different angles, such that the left appears steeper than the right. Within the main body a central stain accumulation is visible predominantly in these dominant views. Some also show a more elongated accumulation of stain, parallel to the left flank and a point-like accumulation of stain on the right (column 5). The central lower protrusion is quite thin and looks somewhat like a hook bent to the left (columns 1-4). In some classes this protuberance overlaps with the heterogeneous protuberance (columns 5-6). In the more rare classes, the two lower domains can hardly be discerned and the views become progressively thinner (columns 7-8). Here, the particle might be viewed from the side or from the top. B act complexes assembled on the PM5-10 pre-mRNA substrate show very similar EM images, and no structural differences could be detected by inspection of the class averages (data not shown). 
Structural dynamics during the B to B act transition
To learn more about the structural dynamics of the spliceosome during its activation, we compared the 2D images of the human B act complexes with those of the human B complex. The spliceosomal B act complex has roughly the same size as the B complex ( Fig. 5 ; Deckert et al. 2006 ). Nonetheless, their morphology differs considerably. Spliceosomal B complexes are rhombic shaped, with a triangular main body linked to an upper globular domain. While the triangular body exhibits a quite rigid morphology in the various 2D classes, the globular domain shows a high degree of structural heterogeneity. Although both complexes possess a heterogeneous domain, the main part of the B act complex exhibits a more globular shape and therefore has a very different morphology. Thus, consistent with the compositional remodeling that occurs during spliceosome activation, the morphology of the spliceosome during the B to B act transition changes in a similar dramatic fashion.
DISCUSSION
To learn more about the compositional and structural dynamics of the human spliceosome during its activation, we affinity purified human B act complexes formed on a truncated PM5 pre-mRNA, under the same conditions previously used to isolate B and C complexes that were also formed on the PM5 substrate. A comparison of the protein composition of B act complexes with that of the B complex revealed significant compositional changes during the B to B act transition. Post-translational modifications that potentially contribute to activation or the first step of splicing, namely, the phosphorylation of SF3b155 and CDC5L, respectively, were also shown to occur concomittant with B act (in the case of SF3b155) or C complex (in the case of CDC5L) formation. EM analyses of the structure of the B act complex, in comparison with that of B, revealed that the human spliceosome is significantly remodeled during activation. Taken together, these data provide new insights into spliceosomal dynamics in humans during a decisive stage of the splicing process.
Human B act complexes can be affinity purified after truncating the PPT tract of a pre-mRNA lacking a 39ss and 39 exon Under standard in vitro splicing conditions with a wild-type pre-mRNA substrate, B act complexes are difficult to discern on native gels, presumably due to the fact that upon activation they rapidly catalyze step 1 of splicing and are thereby converted into the C complex. Previously, it was observed in S. cerevisiae that if the pre-mRNA is truncated to just a few nucleotides downstream of the BPS, spliceosome assembly is blocked at the activation stage (Cheng 1994) . Very recently, yeast B act complexes were isolated in our laboratory using a pre-mRNA substrate derived from the actin pre-mRNA, whose intron was truncated such that it included only six nucleotides downstream of the BPS ). We tested if a similar approach could be used in order to isolate human B act complexes. Indeed, shortening the PPT of the PM5 pre-mRNA (which also lacks a 39ss and 39 exon) stalled splicing after B complex formation but prior to the first catalytic step (Fig. 1) , and allowed the subsequent affinity purification of human B act complexes (Fig. 2) . The identity of these complexes was confirmed by their RNA content-i.e., they lacked for the most part U1 and U4 snRNA and also the intermediates of the splicing reaction-and was further supported by their protein composition (see also below). That is, previous results in yeast indicated that Prp2 dissociates from the spliceosome after catalyzing the remodeling step that converts B act into a B* complex (Kim and Lin 1996) . MS demonstrated that the hPrp2 and GPKOW proteins, human homologs of Prp2 and Spp2, respectively, are highly abundant in our B act complexes ( Table  1 ), suggesting that they are not yet catalytically active and thus stalled prior to B* formation. Consistent with the idea that Prp2 leaves the spliceosome just before or during the first catalytic step, hPrp2 and GPKOW were less abundant (based on the number of peptides sequenced) in C versus B act complexes (Table 1) . In contrast to our purified B and C complexes, purified human B act spliceosomes were not capable of catalyzing splicing in the presence of micrococcal nuclease (MN)-treated nuclear extract, even when the splicing reaction was additionally supplemented with a 39 substrate RNA (data not shown). The finding that the hPrp2 protein is enriched in our B act complexes, but nonetheless spliceosomes assembled on the PM5 pre-mRNAs with a short PPT do not proceed to the first catalytic step, suggests that an unknown factor required to trigger hPrp2 activity is missing in our B act complexes. It is tempting to speculate that a longer polypyrimidine stretch may be required-either directly or as a protein-binding site-to stimulate ATP hydrolysis and/or to support the structural rearrangement of the spliceosome that occurs during the hPrp2-mediated remodeling step.
Previously our lab isolated an activated human spliceosome (formed on an adenovirus pre-mRNA) under stringent conditions via anti-SKIP immunoaffinity chromatography, which was designated the B* complex (Makarov et al. 2002) . Although hPrp2 was not detected in these complexes, it is not clear whether these complexes are truly B* and not B act complexes, as they were isolated under conditions (i.e., in the presence of heparin) where hPrp2 could have been stripped away. Furthermore, the SKIP protein is clearly highly abundant in the B act complexes isolated here, further suggesting that the previously isolated complexes may be B act or a mixture of B act plus B* complexes. A comparison of the B act complexes isolated here under physiological conditions with these complexes (to which only very stable components remain bound), reveals that the vast majority of the proteins identified in the latter are also found in the B act complexes described here. Notable exceptions include, PPIL3 (a protein abundant in the C complex), which could thus potentially be recruited first after catalytic activation by Prp2 (i.e., in the B* complex). In contrast, z40 additional proteins are detected in our B act complexes, suggesting that these proteins are more loosely associated, and thus, for the most part, do not withstand heparin treatment.
Protein dynamics during the B to B act complex transition
At least 30 proteins present in B complexes are destabilized or released from the spliceosome during its activation. These are most notably all U1-and U4/U6-associated proteins plus other snRNP-associated and also non-snRNP proteins (Table 1) . For example, proteins such as RED, THRAP3, and several other factors that were abundant in B complexes, are strongly underrepresented or not detected at all in our B act complexes. In yeast, there is evidence that the U6 snRNAassociated Lsm proteins are destabilized upon activation, thereby allowing the base pairing interaction between the U6 snRNA and intron nucleotides near the 59ss (Chan et al. 2003; Fabrizio et al. 2009) . A comparison of the number of peptides sequenced for individual Lsm proteins in our B versus B act and C complexes, as well as immunoblotting with anti-Lsm4 antibodies, indicates that the Lsm proteins are for the most part already absent from B act complexes. Our data therefore support the idea that, similar to yeast, the Lsm proteins are lost in higher eukaryotes during the activation of the spliceosome.
Approximately 35 proteins are recruited to the spliceosome or more stably associated during B act complex formation (Table 1) . As discussed above, these include the DExD/H-box helicase hPrp2 and GPKOW. In addition, MGC20398, MGC23918, KIAA1604, RNF113A (all containing various domains known to mediate protein-protein interactions), and two members of the cyclophilin family of peptidyl-prolyl bond cis/trans isomerases (PPIases) (PPIL2 and NY-CO-10) appear to be highly abundant. However, the importance of these proteins for splicing in metazoans remains unclear.
Homologs of KIAA1604, RNF113A, and NY-CO-10 were detected among S. cerevisiae splicing factors suggesting a conserved role for these proteins in splicing. Finally, SRm300 and the RES complex proteins SNIP1 and MGC13125 are also more abundant in B act compared with B. In addition to these proteins, at least 12 proteins (Table 1 , detected in B act complex) were detected specifically in our B act complexes. A relatively low number of peptides were sequenced by MS for most of these proteins, suggesting that they are not abundant components of the B act complex. Indeed, semiquantitative 2D gel analyses performed in our lab indicate that these proteins are present in very low amounts (D. Agafonov and R. Lührmann, in prep.) and they may thus be contaminants. Consistent with this idea, the vast majority of these proteins have never been detected in any human spliceosomal complexes and none are known to function in splicing.
Although proteins of the hPrp19/CDC5L complex and related factors are detected by MS in our purified B complexes, they are first stably recruited at the stage of B act complex formation as indicated by the higher number of peptides sequenced by MS for each of these proteins (Table  1 ). This finding is in a good agreement with previous observations that the NTC (the yeast counterpart of the hPrp19/CDC5L complex) stably binds to the spliceosome after U4 dissociation and is required for spliceosome activation (Chan et al. 2003; Chan and Cheng 2005) . Among the proteins most prominent first in the B act complex, was hPrp17, the human homolog of the nonessential, yeast second-step factor Prp17. The detection of hPrp17 in our B act complexes, but not other step II factors, is consistent with recent results obtained in yeast suggesting that Prp17 functions in both steps of splicing (Sapra et al. 2008) .
Protein dynamics during the B act to C complex transition
Approximately 20 proteins dissociate or are destabilized from the spliceosome during the B act to C complex transition (Table 1) . Interestingly, among these are several proteins recruited to the B act complex including: hPrp2, GPKOW, RNF113A, MGC23918, MGC20398, PPIL2, and NY-CO-10. The fact that these proteins appear to be solely present or enriched in B act versus B and C complexes suggests they play a potential role in the spliceosome activation process. Whereas such a role has been already shown for Prp2 and Spp2 (the yeast homolog of GPKOW) in S. cerevisiae (see above), a role for other B act specific proteins in pre-mRNA splicing remains to be demonstrated. SF3a and SF3b complex proteins are also destabilized from the spliceosome during the B act to C transition, as evidenced by MS analysis (Table 1) and immunoblotting with anti-SF3b155 antibodies (Fig. 3 ). SF3a and SF3b play an essential role in tethering the U2 snRNP to the branch site, and contacts between the pre-mRNA branch site and some SF3b components, such as p14, appear to persist at least up to the first step of splicing (MacMillan et al. 1994) . Prior to the second step of splicing, the branch adenosine is thought to be removed from the active site of the spliceosome and replaced by the 39ss (for review, see Smith et al. 2008) . A recent report indicates that in yeast the second step of splicing can proceed in the absence of U2/BPS base pairing (Smith et al. 2007 ). The U2-associated SF3a and SF3b proteins are bound to the spliceosome in a salt resistant manner prior to C complex formation (data not shown). Moreover, recent studies in yeast demonstrated that ATP hydrolysis by Prp2 destabilizes the interaction of the SF3a and SF3b proteins with the spliceosome (Warkocki et al. 2009; Lardelli et al. 2010) . Thus, at least in yeast, SF3a and SF3b interactions with the spliceosome are remodeled already prior to the first step of splicing. Although SF3a and SF3b play essential roles early in the splicing reaction, our data are consistent with the idea that they may not be required after the first catalytic step.
A number of proteins previously detected in C complexes (Bessonov et al. 2008) were absent or underrepresented in our B act complexes and were thus recruited during the B act to C transition. These included, among others, the second-step factors hPrp22 and hSlu7, and the DExD/H-box helicases Abstrakt and DDX35, whose function in splicing is not known. A number of cyclophilins, a group of proteins that belong to the family of peptidyl-prolyl bond cis/trans isomerases (PPIases), are detected in human spliceosomal complexes. These include PPIH, Cyp-E, PPIL1, PPIL2, NY-CO-10, PPIL3b, PPWD1, and PPIG. Only one of these proteins, namely, PPIH, or the U4/U6 snRNP-associated 20k protein, is present in B complexes, but absent from B act and C complexes. Cyp-E, PPIL2, and NY-CO-10 appear to be abundantly present first at the B act complex stage. Cyp-E and PPIL1, both Prp19-related proteins, appear to be associated with the spliceosome throughout both catalytic steps as they were detected in B act and C complexes (Table 1 ) and in the postspliceosomal 35S U5 snRNP (Makarov et al. 2002) . PPIL3b, PPWD1, and PPIG are almost exclusively detected in the C complex, indicating that they are likely recruited after or concomitant with the first step of splicing (Table 1 ). The role of cyclophilins in the spliceosome is not clear. As prolyl isomerases, they could aid in the folding and activation of proline containing splicing factors. To date, the only protein of this group that was shown to be important for splicing is PPIH (Horowitz et al. 2002) , but its enzymatic target remains unknown. It thus remains to be determined whether the other cyclophilins are essential for splicing or whether they play a more auxiliary role, for example, by accelerating splicing via promoting the proper conformation of certain proteins.
Phosphorylation of SF3b155 and CDC5L occurs concomittant with spliceosome activation and step I of splicing, respectively Numerous studies have shown that reversible phosphorylation plays an important role in pre-mRNA splicing (for review, see Soret and Tazi 2003) . Previously, it was shown that the SF3b155 protein is phosphorylated prior to or during the first step of splicing (Wang et al. 1998) . Here, we demonstrate that SF3b155 is quantitatively phosphorylated in our B act complexes that are stalled at a very defined stage, namely, prior to Prp2 action (Fig. 3) . The CDC5L protein, which also plays a role in cell cycle progression (Bernstein and Coughlin 1998) , is phosphorylated first upon formation of the C complex and thus after catalytic activation of the spliceosome (Fig. 3) . Previous studies demonstrated that human CDC5L is phosphorylated at at least nine sites in vivo, and suggested that the phosphorylation of threonines at positions 411 and 438 are required for the first step of splicing in vitro (Graub et al. 2008) . Based on our data it is thus tempting to hypothesize that the phosphorylation of CDC5L plays an important role in the first step of splicing, whereas phosphorylation of SF3b155 may play an important role in spliceosome activation. However, further studies are required to elucidate the exact role of the phosphorylation or/and dephosphorylation of these proteins in splicing.
Comparison of the protein composition of human and yeast B act complexes
The protein compositions of affinity-purified S. cerevisiae spliceosomal B, B act , and C complexes were recently determined by MS ). Altogether z90 proteins were identified in yeast spliceosomes, nearly all of which have human homologs. Thus, comparison of the composition of the human and yeast spliceosomal complexes suggests a high degree of conservation of the core splicing machinery between human and yeast ( act complexes are also found in yeast, including GPKOW (Spp2 in yeast), KIAA1604 (Cwc22), NY-CO-10 (Cwc27), RNF113A (Cwc24), and SRm300 (Cwc21) ( Table 1) . Prp17 is also first highly abundant at the time of B act formation in yeast.
Although the human hPrp19/CDC5L complex and its yeast counterpart, namely, the NTC, are compositionally different (i.e., they share three homologous proteins Prp19/ hPrp19, Cef1/CDC5L, and Snt309/SPF27, but the NTC contains additionally Syf1, Syf2, Clf1, Isy1, and Ntc20) (Chen et al. 2002; Makarova et al. 2004) , proteins of the NTC are also first abundant (and thus presumably stably associated) in the yeast B act complex. Furthermore, yeast proteins homologous to other human hPrp19/CDC5L components, such as Cwc15/AD002 and Prp46/PRL1, are also stably integrated into the yeast B act complex. The same is true for several other yeast proteins, which were previously shown be associated with Cef1, the yeast homolog of CDC5L (Ohi et al. 2002) , and their human counterparts that are operationally defined as hPrp19-related.
Taken together, these data reveal conservation of the core splicing machinery at the stage of activation. Many of the additional proteins found in human B act complexes do not have homologs in yeast and/or are involved in regulated splicing such as SR proteins, whereas others are likely present in substoichiometric amounts, based on the low number of peptides sequenced. Although the number of splicing factors associated with purified human spliceosomes is much larger than those found in yeast spliceosomes, the dynamics of protein recruitment and dissociation during spliceosome activation is largely conserved between human and yeast. This indicates that the observed compositional remodeling is an evolutionarily conserved design principle of the spliceosome.
Human and yeast B act complexes have a similar morphology
Recently, B, C, and B act spliceosomal complexes were purified from the yeast S. cerevisiae and their structure analyzed by EM after GraFix treatment ). All three yeast spliceosomal complexes exhibited a different morphology as judged by 2D class averages. The typical views of the yeast B act complex, which was also assembled on a pre-mRNA with a truncated PY tract, show in the most frequent images a compact slightly asymmetrical main body with a foot-like protrusion pointing downward (Fig. 6, left) . If the image classes of the human B act complex (Fig. 6, right) are compared with those of the yeast complex, a large extent of similarity can be recognized. Both show a quite similar main body that appears in typical views with a steep slope at the left side and a more shallow one on the other side. Similar to yeast, some views of the human particle also show on the left a more elongated accumulation of stain running parallel to the left flank and on the right a more point-like stain accumulation. Like the human particle, the yeast B act complex has a central lower protrusion, but it appears more massive in the yeast particle. The most obvious difference between the two B act complexes is the heterogeneous protuberance at the lower right side that is present in the human complex but appears to be completely missing in the yeast complex. Overall, the human B act complex is somewhat larger than the yeast B act complex, with, for example, the width of the main body reaching 31 6 1 nm in the yeast complex versus 34 6 1 nm in the human complex. This is consistent with the presence of additional proteins in the latter. However, based on the low number of peptides sequenced for many of those proteins solely found in the human B act complex (Table 1) , a large number of these proteins are likely present in substoichiometric amounts and are thus not expected to contribute to the mass of the B act FIGURE 6. The human and yeast B act complexes share a similar morphology. Typical class averages of the human (right panels) and yeast (left panels) B act complexes ), visualized by electron microscopy after negative staining, are shown. Bar = 50 nm.
complex observed under the electron microscope. In summary, it can be concluded from these structural comparisons that, like the B complex, the overall architecture of the human and S. cerevisiae B act spliceosomal complex is similar, suggesting that many of the higher order interactions among spliceosomal components, as well as their dynamics, are also largely conserved. However, future 3D reconstructions of the B act complex will be needed to conclusively elucidate morphological similarities and differences between the human and yeast complexes.
MATERIALS AND METHODS

In vitro splicing and native agarose gel electrophoresis
The polypyrimidine tract of the PM5 pre-mRNA substrate (Bessonov et al. 2008 ) was truncated to different lengths using standard PCR techniques. Uniformly [ (59) G-capped pre-mRNAs were synthesized in vitro by SP6 runoff transcription and gel purified. HeLa nuclear extract was prepared as previously described (Dignam et al. 1983) . A typical splicing reaction contained 20 nM of 32 P-labeled pre-mRNA and 30%-50% HeLa nuclear extract in buffer containing 3 mM MgCl 2 , 65 mM KCl, 20 mM HEPES-KOH pH 7.9, 2 mM ATP, and 20 mM creatine phosphate, and was incubated at 30°C for the times indicated. RNA was then isolated and analyzed by denaturing PAGE on a 7M urea, 10% polyacrylamide gel, followed by autoradiography. To analyze splicing complex formation, heparin was added to 18-mL aliquots of the splicing reaction to a final concentration of 0.125 mg/mL and the mixtures were incubated for 1 min at 30°C before addition of 2 mL of agarose loading buffer (30% glycerol. 0.05% xylene cyanol, 100 mM Tris, pH 8.3, 83 mM borate, 1 mM EDTA). Complexes were analyzed on a 1.5% low melting agarose gel and visualized by autoradiography.
MS2 affinity purification of spliceosomal complexes and mass spectrometry C complexes formed on PM5 or MINX GG pre-mRNA substrates were purified by MS2-MBP affinity selection as described previously (Bessonov et al. 2008; Golas et al. 2010) . B act complexes were also isolated using the MS2-MBP-affinity selection approach essentially as described previously (Bessonov et al. 2008) . Briefly, PM5-20 or PM5-10 pre-mRNA was incubated with a 20-fold molar excess of purified MS2-MBP fusion protein. Then, a 12-mL standard splicing reaction was performed for 150 min with the MS2-MBP bound pre-mRNA. A 30-fold molar excess of DNA oligonucleotide complementary to nucleotides À6 to À18 (relative to the 59ss) of the PM5 substrate was added and the reaction was incubated at 30°C for an additional 20 min. Spliceosomal complexes were size fractionated by 10%-30% glycerol gradient centrifugation and the distribution of the 32 P-labeled pre-mRNA was determined by Cherenkov counting. 45S peak fractions were pooled and loaded onto an amylose agarose column (New England Biolabs) and after washing, spliceosomal complexes were eluted with 20 mM maltose in G-buffer (20 mM HEPES, pH 7.9, 150 mM NaCl, 1.5 mM MgCl 2 ). RNA was recovered from the eluted B act complexes, analyzed on a 7M urea-10% polyacrylamide gel, and visualized by silver staining and autoradiography. Proteins were recovered, analyzed by SDS-PAGE, and stained with Coomassie. Proteins were identified by LC-MSMS as described previously (Bessonov et al. 2008 ).
Immunoblotting and CIP digestions
Proteins were separated by SDS-PAGE on an 8% polyacrylamide gel, transferred to Hybond P membrane and immunostained using an ECL detection kit (Pierce). Antibodies against the following human proteins were used: U5-116K/Snu114 (Fabrizio et al. 1997 ); SF3b155 ); U4/U6.U5-110K (Makarova et al. 2001 ); CDC5L, KIAA1604, Lsm4, and hPrp19 (Makarova et al. 2004 ); PRL1, DDX35, hPrp22, and hPrp17 (Bessonov et al. 2008 ); MS2-MBP (Abcam); G10 (raised against aa 32 to 45). Digestion with calf intestinal phosphatase (NEB) was performed according to the manufacturer's protocol.
Electron microscopy (EM)
For EM, spliceosomal complexes eluted from the amylose column were subjected to an additional GraFix glycerol gradient ultracentrifugation (Kastner et al. 2008) , which combines mild chemical fixation and ultracentrifugation. Briefly, 5 pmol of spliceosomes were loaded onto a gradient containing 10%-30% (v/v) glycerol and 0%-0.1% (w/v) glutaraldehyde in G-buffer. The gradients were centrifuged for 1.5 h at 60,000 rpm (z489,000g) in a TH660 rotor at 4°C. Fractions of 175 mL were collected from the bottom using a Brandel BR-184X fractionator. Peak fractions were identified by scintillation counting and analyzed by negative staining except that the specimen was stored and imaged at ambient temperature . Micrographs were taken at 160 kV and 122,0003 magnification with a CM200 FEG microscope at twofold binning on a 4k 3 4k CCD camera. Individual particle images were selected from the CCD images using Signature (Chen and Grigorieff 2007) . Approximately 35,000 single particle images were selected, and after iterative image processing they were classified into 1600 classes out of which the representative classes are shown. Iterative rounds of image processing were performed in the context of the software package IMAGIC-5 (van Heel et al. 1996) . The 2D image processing was performed until the result was stable. This included alignment using resampling to polar coordinates ) and multivariate statistical classification (van Heel 1984) .
SUPPLEMENTAL MATERIAL
Supplemental material can be found at http://www.rnajournal.org.
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